The highly conserved DRY motif located at the end of the third transmembrane of G-protein-coupled receptors has been described as a key motif for several aspects of GPCR functions. However, in the case of the vertebrate gonadotropin-releasing hormone receptor (GnRHR), the amino acid in the third position in the DRY motif is variable. In the lamprey, a most basal vertebrate, the third amino acid of the ''DRY" in lamprey (lGnRHR-1) is His, while it is most often His/Gln in the type II GnRHR. To investigate the functional significance of the substitution of DRY to DRH in the GnRHR-1, second messenger signaling, ligand binding and internalization of the wild-type and mutant lGnRH receptors were characterized with sitedirected mutagenesis. mutant compared to the wild-type receptor increased cell-surface expression, suggesting that the reduction of IP production was due to the level of the cell-surface expression of the mutant receptors. The rate of internalization of DRX 151 (35.60%) was reduced compared to wild-type and other mutant receptors.
Introduction
The hypothalamic-pituitary (HP) system is considered to be a vertebrate innovation and seminal event that emerged prior to or during the differentiation of the ancestral agnathans, reviewed in Sower et al. (2009) . In spite of the very diverse patterns of life cycles and reproductive strategies and behaviors, this endocrine system is remarkably conserved throughout the gnathostome lineages. Lampreys as basal vertebrates are the earliest evolved vertebrates for which there are demonstrated functional roles for two possibly three gonadotropin-releasing hormones (GnRHs) that act via the hypothalamic-pituitary-gonadal axis controlling reproductive processes (Kavanaugh et al., 2008) . To date, the biochemical, molecular, immunocytochemical and functional studies on the structure and function of the GnRHs in lamprey have established that similar to all other vertebrates, the lampreys have a hypothalamic-pituitary-gonadal axis and that there is a high conservation of the mechanisms of GnRH action (Sower et al., 2009) . From recent data, we propose a modified paradigm in that the neuroendocrine control of reproduction and thyroid functions in an Agnathan, the sea lamprey, exhibits an overlapping, simplified organization represented by one and possibly two glycoprotein hormones putatively interacting with two glycoprotein receptors, a gonadotropin-like receptor and a thyroid stimulating hormonelike receptor (Sower et al., 2009 ). This modified paradigm now includes the agnathans and can serve as a model for analysis of the evolutionary mechanisms leading to emergence of the highly specialized gnathostome endocrine axes.
GnRH is a central regulator of reproductive function in vertebrates and acts via the hypothalamic-pituitary-gonadal axis. Its function is mediated through a pituitary GnRH receptor (GnRHR), a class A 7-transmembrane G-protein-coupled receptor (GPCR). One of the remarkable characteristics of vertebrate GnRHRs is the absence or presence of the intracellular C-terminal tail. The receptors are generally categorized as two different types: type I receptor, lacking the intracellular C-terminal tail, or type II receptor, retaining the C-terminal tail (Millar et al., 2004) . The other notable characteristic of GnRHRs is the variation of a DRY motif of GPCRs that is a highly conserved amino acid triplet at the end or junction of the third transmembrane domain and the second 0016-6480/$ -see front matter Ó 2009 Elsevier Inc. All rights reserved. doi:10.1016/j.ygcen.2009.12.001 intracellular loop. DRY has been described as a key motif for several aspects of GPCR functions including receptor activation, ligand binding and G-protein coupling (Rovati et al., 2007) . There are variable substitutions of the third amino acid in the ''DRY" motif of GnRHRs from different classes of vertebrates. This region potentially contributes to GnRHR function. In many cases, type I receptor DRY motif is substituted with DR'S', while type II has DR'H/Q' (Fig. 1) . To date, there are few reports about the functional significance of the Ser in DRS of type I receptors (Arora et al., 1995 (Arora et al., , 1997 Byrne et al., 1999) . Thus, the functional significance of this variation of the DRY motif, particularly the type II GnRHR, is not established.
In the sea lamprey, Petromyzon marinus, one of only two extant representatives of the oldest lineage of vertebrates, agnathans, a functional type II GnRH receptor was cloned from the pituitary (Silver et al., 2005) . The lamprey GnRH receptor-1 (lGnRHR-1) was shown to activate both the cAMP and IP signaling systems; however, the IP system was activated at an approximately 10-fold lower concentration to both lamprey GnRH-I and lamprey GnRH-III, and was also activated to a greater magnitude of approximately 4.5-fold, compared to $1.7-fold (lamprey GnRH-I) or $2.1-fold (lamprey GnRH-III) (Silver and Sower, 2006) . These responses of IP 3 and cAMP signaling systems are similar to the type I and type II GnRH receptors from different vertebrate species (Arora et al., 1998; Grosse et al., 2000; Liu et al., 2002; Oh et al., 2005; Stanislaus et al., 1998) . In addition, the lGnRHR-1 retains conserved structural features and amino acid motifs of other known GnRH receptors. An HFRK motif in the membrane proximal region of the bullfrog type II GnRH receptor-1 was shown to be required for cAMP signaling, but not for IP signaling (Oh et al., 2005) . Similarly a homologous motif, HVRR, was shown also to be required for cAMP signaling in the lGnRHR-1 (Silver and Sower, 2006) . In the lamprey, the third amino acid residue of the DRY motif in GnRH receptor is ''His" instead of ''Tyr" and in the gnathostome type II GnRH receptors, the third amino acid residue is most often His/Gln instead of Tyr. These identified conserved motifs in the lamprey GnRH receptor are thought to be evolutionarily conserved throughout vertebrates. Thus, the lGnRHR-1, an ancestral form of vertebrate GnRHRs, is a critical model in our understanding of the structural and functional evolution of GnRHR. 
Materials and methods

Site-directed mutagenesis
The point mutations were introduced into the pcDNA3.1 vectors (Invitrogen, Carlsbad, CA, USA) including the full coding sequence of lGnRHR-1 by Quikchange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) using mutagenic primers as follows: DRY 151 mutant was amplified using the sense primer, 5 0 -GCTTGGA CCGCTACTCGGCCATCCTC-3 0 and the antisense primer, 5 0 -GAGGAT GGCCGAGTAGCGGTCCAAGC-3 0 . The sense primer, 5 0 -GCTTGGACC GCGAGTCGGCCATCCTC-3 0 and the antisense primer, 5 0 -GAGGA TGGCCGACTCGCGGTCCAAGC-3 0 were used for DRE 151 mutant, the sense primer, 5 0 -GCTTGGACCGCTCATCGGCCATCCTC-3 0 and the antisense primer, 5 0 -GAGGATGGCCGATGAGCGGTCCAAGC-3 0 were for DRS 151 mutant, and the sense primer, 5 0 -CAGCTTGGACCGCTCG GCCATCCTCA-3 0 and the antisense primer, 5 0 -TGAGGATGGCCG AGCGGTCCAAGCTG-3 0 were for DRX 151 mutant. The underlined nucleotides indicate the sequences encoding the substituted amino acids (Fig. 2) . PCR was performed with 2 ng of the pcDNA3.1 including the full coding sequence of lGnRHR-1 as the template Fig. 1 . Sequence alignment of the proximal region of TM3 and DRY motif in GnRHR from representative vertebrate species. The alignment was arranged with the entire amino acid sequences of the receptors based on Clustal W. The accession numbers for species are followed:
at 95°C for 30 s as an initial denaturation followed by 18 cycles of 95°C for 30 s as denaturation, 55°C for 1 min as annealing and 68°C for 6 min as extension. PCR product was subsequently digested by DpnI restriction enzyme (4 U/PCR mixture) at 37°C for 1 h and directly transformed into OneShot Top 10 chemically competent Escherichia coli (Invitrogen, Carlsbad, CA, USA). The desired mutations of the insert sequences were confirmed by DNA sequencing.
Cell culture and transfection
COS7 cells were maintained in 10% fetal bovine serum in DMEM (Invitrogen) at 37°C in 5% CO 2 before transfection as previously described (Silver et al., 2005 
Inositol phosphate assay
The inositol phosphate assay (IP assay) was performed as previously described (Silver et al., 2005) . Transfected cells were trypsinized and seeded in 12-well plates (1.0 Â 10 5 cells per well) and cultured in 10% fetal bovine serum in DMEM at 37°C in 5% CO 2 . Briefly, after the adhesion of the cells (overnight culture), cells were washed with PBS and incubated in 1 ml of Medium 199 (Invitrogen) containing 2% fetal bovine serum and 2 lCi Myo 
10
À14 M) per well. The stimulations were stopped and the plates were incubated on ice for 30 min. The extracts from the cells were transferred, neutralized with 5 M KOH and 20% perchloric acid and incubated. The supernatant of the extracts were transferred after centrifugation at 5000 rpm at 4°C. Total inositol phosphate was isolated from the extracts by ion exchange chromatography with AG1 Â 8 resin (BioRad, Hercules, CA, USA) and measured. Treatments with each concentration of lGnRH-III were run in duplicate and the data were fitted with sigmoidal dose-response curves by Prism 4 (GraphPad, San Diego, CA, USA).
Receptor binding assessment
The ligand-binding assay was performed as previously described (Silver and Sower, 2006) . Briefly, transfected cells were seeded and after two days, cells were washed with assay buffer (25 mM HEPES-modified DMEM with 0.1% BSA) and then incubated with assay buffer containing 1 nM 125 I-labeled lamprey GnRH-I and decreasing concentrations of unlabeled lGnRH-III (10 À6 -10 À12 M) for 3.5 h on ice at 4°C. After incubation, cells were washed and solubilized. All total binding and NSB samples were run in triplicate, and each independent experiment was repeated at least three times. The data were fitted with one-site competition binding curves by Prism 4 (GraphPad).
Receptor-internalization assay
Transfected cells were seeded in 24-well plates at 1.5 Â 10 5 cells per well and maintained for 48 h as previously described (Silver and Sower, 2006 Ligand-binding affinity between all receptors was similar (Fig. 4) 
Discussion
DRY is a highly conserved amino acid triplet of GPCRs and has been described as a key motif for several functions of GPCR (Rovati et al., 2007) . It has been shown that the critical residues for receptor functions of the DRY motif of GPCRs are the first two residues, Asp and Arg, rather than the third residue, Tyr (Flanagan, 2005; Rovati et al., 2007) . The GnRH receptor is a class A rhodopsin-like GPCR and one of the receptors which has been characterized physiologically and pharmacologically in mammals and also some nonmammalian vertebrates because of its key role in reproductive function through vertebrates. In contrast to the typical GPCR, the third amino acid residue in the DRY motif is variable in the vertebrate gonadotropin-releasing hormone receptor. In the lamprey, a most basal vertebrate, the third amino acid residue of the DRY motif in the GnRH receptor is ''His" instead of ''Tyr". In type II GnRH receptors, the third amino acid residue is most often His/Gln instead of Tyr. This is the first study that has examined the third amino acid substitution in the DRY/H/Q of any type II GnRH receptors. when compared to the wild-type receptor, suggesting that the reduction of IP production was due to the level of the cell-surface expression of the mutant receptors. In addition, the level of internalization was similar between wild-type and mutant receptors except for the DRX 151 mutant. The DRX 151 mutant induced a decrease in internalization as well as a reduced cell-surface expression, suggesting ligand-independent receptor expression, i.e. such as receptor trafficking from the endoplasmic reticulum (ER). In general, point mutations lead to misfolding that can affect the cell-surface expression of proteins involving GPCRs (Duvernay et al., 2005; Garriga et al., 1996; Sitia and Braakman, 2003) . It has been described that most of the point mutations in GnRH receptor lead to a decrease in receptor expression including the natural mutations which are linked to human disease, hypogonadotropic hypogonadism (Conn et al., 2007; Millar et al., 2004; Rispoli and Nett, 2005) . According to several reports from several types of GPCR, Asp and Arg of DRY are critical for cell-surface expression due to the structural instability, impairment of the association with b-arrestin and internalization (Alewijnse et al., 2000; Hawtin, 2005; Wilbanks et al., 2002) . Additionally, pharmacoperone, which rescues misfolded mutant proteins to correctly route in the cells, was shown to function in an Arg mutant of the V2 vasopressin receptor suggesting that DRY is important for folding and cell surface trafficking from the ER (Conn et al., 2007) . The significance of Tyr residue of DRY was unclear from this vasopressin receptor study. In the present study, the lamprey GnRHR-1 and three of the four mutants of lamprey GnRHR-1 all induced a decrease in receptor expression except the mutant DRY 151 which induced an increase in receptor expression. Other studies on the DRS motif in mammalian type I GnRHRs revealed that Ser could be involved in ligand binding and receptor internalization events (Arora et al., 1995 (Arora et al., , 1997 Byrne et al., 1999) . Substituting Ser with Tyr increased both the ligand-binding affinity and internalization (Arora et al., 1995) but substituting with Ala had no effect (Arora et al., 1997) . In our study, substituting His with Tyr increased the cellsurface expression of the receptor but had no effect on ligandbinding affinity and did not increase internalization. Thus, mammalian type I and lamprey type II GnRH receptors can both accept the substitution of Tyr and retain the functionality of the original residues which imply Tyr could be primordial through vertebrate GnRHRs, although the specific functions are different between the two types of receptors. These differences between the mammalian and lamprey GnRH receptors may represent a different functionality between type I and type II receptors, which are representative of two evolutionarily distant receptors. For instance, there is not an intracellular C-terminal tail in type I receptor so that the receptor cannot be rapidly internalized. This phenomenon implies that different mechanisms of desensitization in the mammalian type I GnRH receptors compared to the type II GnRH receptors have evolved over the course of the evolution of vertebrates (McArdle et al., 1999 (McArdle et al., , 2002 . The rate of internalization of type II GnRH receptors is much greater compared to type I GnRH receptors suggesting the C-terminal tail is essential for the rapid internalization (Pawson et al., 1998) , and seems to be maximized at the biological threshold. This suggests that the type II GnRH receptor mutants may not be capable of augmenting internationalization. In addition, Byrne et al. (1999) deletion might be linked to the internalization event.
The third amino acid of the DRY motif is highly conserved among most of GPCRs but not in the GnRH receptors. Although there are some exceptions in that DRY is found in a few vertebrate and invertebrate GnRH receptors (Hauser et al., 1998; Ikemoto and Park, 2005) . Lampreys have two other GnRH receptors that have not yet been published. One of the novel lamprey GnRH receptors (lGnRHR-3, Accession No. DQ915103) has DRY instead of DRH. The experimental evidence from the current study shows that substitution of DRH with DRY maintains the receptor functions. In examining this motif across invertebrate and vertebrate GnRH receptors, it is suggested that DRY could be an ancestral motif of an ancestral GnRHR since it is also highly conserved in the other types of GPCRs. This motif in GnRHR receptors has perhaps been subjected to selection pressures leading to variable amino acid residues including S, H or Q in the third position of DRY motif during the course of GnRHR molecular evolution.
In summary, the mutation of His 151 of the lamprey GnRH receptor altered the cell-surface receptor expression as well as second messenger signaling and internalization. These results suggest that His 151 of the lamprey GnRH receptor may play a critical role in the retention of a certain level of cell-surface expression for subsequent cellular second messenger events. Further studies of the lamprey GnRH receptor(s) that have retained key ancestral residues and motifs will be necessary in furthering our understanding of the evolution of the structure and function of the GnRH receptor in vertebrates.
